C limate change impacts on agricultural productivity are linked to the positive effects of increasing carbon dioxide (CO 2 ), negative effects of increasing temperatures, and variable effects of precipitation timing and amounts. Projections of crop productivity under scenarios of climate change have ranged from less than 5% with temperature increases of less than 1°C (Hatfield et al., 2011) to a decrease of more than 50% in maize (Zea mays L.) and soybean [Glycine max (L.) Merr.] (Schlenker and Roberts, 2009). Crop yields decrease with increasing temperatures; a summary by Lobell and Field (2007) showed maize yields decreased 8.3% per 1°C rise without any complicating effect due to water stress. These studies point out the negative impacts of temperature increases. In addition, the review by Hatfield et al. (2011) summarized that rising temperatures increase the rate of phenological development, leading to a smaller plant and reduced productivity because of the shortened growth cycle. One of the most vulnerable stages of plant development to temperature stress is the pollination phase because of pollen's sensitivity to extreme temperatures (Hatfield et al., 2011) . The current assessments of temperature impacts on crops have been developed through extrapolation of crop models combined with future climate scenarios, with no direct observations on the effect of rising temperatures on phenological development and growth.
C limate change impacts on agricultural productivity are linked to the positive effects of increasing carbon dioxide (CO 2 ), negative effects of increasing temperatures, and variable effects of precipitation timing and amounts. Projections of crop productivity under scenarios of climate change have ranged from less than 5% with temperature increases of less than 1°C (Hatfield et al., 2011) to a decrease of more than 50% in maize (Zea mays L.) and soybean [Glycine max (L.) Merr.] (Schlenker and Roberts, 2009) . Crop yields decrease with increasing temperatures; a summary by Lobell and Field (2007) showed maize yields decreased 8.3% per 1°C rise without any complicating effect due to water stress. These studies point out the negative impacts of temperature increases. In addition, the review by Hatfield et al. (2011) summarized that rising temperatures increase the rate of phenological development, leading to a smaller plant and reduced productivity because of the shortened growth cycle. One of the most vulnerable stages of plant development to temperature stress is the pollination phase because of pollen's sensitivity to extreme temperatures (Hatfield et al., 2011) . The current assessments of temperature impacts on crops have been developed through extrapolation of crop models combined with future climate scenarios, with no direct observations on the effect of rising temperatures on phenological development and growth.
There have been projections of the impact of rising temperatures as shown by Asseng et al. (2015) in their evaluation of 30 different wheat (Triticum aestivum L.) models to simulate wheat production. They concluded that grain production would decrease 6% per 1°C rise and become more variable in both space and time. The projected grain yield decrease is similar to that observed for maize by Lobell and Field (2007) . The projections by Asseng et al. (2015) are similar to the 5.3% yield reduction per 1°C observed in Australia by Innes et al. (2015) using a combination of experimental results coupled with simulation models. There is a differential response of plants to temperature throughout the growth cycle. The recent results by Laza et al. (2015) for rice (Oryza sativa L.), for example, showed that high night temperatures had no effect during the vegetative stage; however, during the reproductive stage, yields were reduced because of increased dark respiration rate and spikelet degeneration.
Warming temperatures have decreased US wheat yields, as observed by Tack et al. (2015) using historical yield and meteorological data. They used statistical analysis for their study specifically for Kansas wheat yields using a
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Abstract: Rising temperatures under climate change are projected to have negative impacts on crop growth and production. These conclusions are not based on direct observations but on projected model results. A study conducted comparing normal seasonal temperatures for Ames, IA, to a normal + 4°C environment with the same water vapor deficit evaluated the impacts of temperature on maize (Zea mays L.) development and production. The rate of phenological development increased at higher temperatures; however, the relationship of leaf collar and leaf tip appearance to growing degree days was the same between temperature regimes. There was no effect on total leaf area or vegetative dry matter production, but grain yields decreased from 84 to 100% because of exposure to high nighttime temperatures and disruption of the pollination process as evidenced by the large reduction in kernels per ear. Projected increases in temperature will negatively affect grain production and threaten food security.
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Core Ideas
• Projected Corn Belt temps by the end of the 21st century increase the rate of phenological development.
• Temperature increases reduce grain production but not vegetative production.
• There were differences in corn hybrid response to yield impacts.
combination of freezing impacts and warming impacts in their regression model. Their analysis revealed a 40% reduction in wheat yields with a 4°C temperature increase; they found that newer varieties were less able to resist heat stress above 34°C than were older varieties and suggested that selection of newer varieties by producers to offset climate impacts may not be effective. Rezaei et al. (2015) suggested that shifts in phenological development for winter wheat in Germany would prevent exposure to high temperature events at anthesis; however, they would not offset the detrimental impacts of high temperatures on grain yield due to the shortening of the grain-filling period. There are many projections of the impact of high temperatures on plant growth and yield but very few direct observations of these effects. This study was conducted to evaluate three maize hybrids for their phenological, growth, and yield response to a 4°C temperature increase over the normal temperatures for Ames, IA.
Experimental Procedures
Controlled temperature experiments were conducted in the rhizotron facility located in the National Laboratory for Agriculture and the Environment at Ames. This facility was described by Logsdon et al. (2002) , where each chamber contains three 1 × 1 × 1.5 m deep Monona silt loam (fine-silty, mixed mesic Typic Hapludoll) soil monoliths. These chambers control light intensity, day length, air temperature, and relative humidity and are updated weekly to simulate the average weekly temperatures for Ames from 1 April through 30 October based on the 30-yr (1980-2010) normal temperatures and weekly precipitation amounts. Chambers were calibrated to maintain the same atmospheric water deficit in each chamber so that the only effect on plant growth would be temperature, with no interactions from potential water deficits. Each soil monolith has a drainage system at the bottom to allow water to drain through the soil profile. Soil moisture sensors were inserted to measure the upper 10 cm of the soil profile. All monolith blocks were treated with the equivalent of 180 kg ha -1 of N with all other nutrients found to be adequate for maize production based on soil tests. Day length was adjusted weekly to mimic the change during the growing season; light intensities were set at approximately 1100 mmoles m -2 PAR. One of the chambers was maintained at the average weekly temperature for Ames throughout the growing season, while the second chamber was maintained at 4°C above average (N+4) throughout the growing season. In this experiment, two rows spaced 75 cm apart were planted with six plants in each row within a monolith. Seeds were double planted and then thinned at the oneleaf stage to achieve a plant density of 12 plants m -2
. Soil water was maintained to 75% of field capacity for the monoliths during the experiment to ensure soil water did not interact with temperature between the two temperature regimes.
Three hybrids were planted: Dekalb XL45A (released in the 1960s), Dekalb RX730 (released in the 1980s), and Dekalb 61-72 (released in the 2000s) with these maize hybrids all adapted to the Ames environment (seed provided by Monsanto Corp.). Weekly measurements were made of the number of leaf collars and leaf tips to record the phenological development on 10 plants in each monolith. Measurements were made of the length and maximum width of each new fully emerged leaf to estimate leaf area by multiplying length × width × 0.67 using the procedure described by Hatfield et al. (1976) . These measurements continued until all leaves emerged. At maturity, all plants were harvested for total vegetative biomass and grain yield for each individual plant. This experiment was replicated twice over time with the same hybrid and experimental procedures. During the second experiment, infrared thermometers were mounted in each chamber to measure canopy temperature using Apogee infrared thermometers mounted above the canopy and oriented to view only leaf material. These units were raised weekly throughout the growing season.
Thermal indices were calculated using the standard growing degree day (GDD) approach with a base temperature (T) of 10°C and calculated as GDD = (T max -T min )/2 -10. We also used a GDD hourly , where ST hourly -10 for each day was computed for each chamber. Values of GDD were compared to the appearance of leaf collars and leaf tips for each hybrid within each chamber to determine the rate of phenological advancement. A comparison was made for canopy temperatures relative to air temperatures for each hybrid during the second experiment to determine any difference in the actual temperature of the canopies.
Results and Discussion
Phenological Differences among Hybrids
Warmer temperatures caused a rapid rate of phenological development in all three hybrids, with a consistent response between the two experimental runs (Fig. 1-3 ). Exposure to warmer temperatures did not affect the total number of leaf collars; however, warmer temperatures increased the rate of leaf collar appearance. Progression of the appearance of leaf tips and leaf collars were increased by the warmer temperatures.
Regression models fit between the accumulation of GDDs, and the appearance of leaf collars and leaf tips revealed no significant differences between temperature regimes (Table 1 ). There was no significant difference among maize hybrids in the rate of leaf collar or leaf tip appearance. Warmer temperatures cause a more rapid development of the maize canopy, and in the second experiment observations of canopy temperature showed the actual plant temperature to be 3 to 4°C warmer in the N+4 chamber compared with the normal temperature chamber. These differences are similar to changes in the air temperature between the two chambers. Canopy-air temperatures differences between the two temperature environments showed a consistent difference between -2 to -3.5°C in canopy-air temperature. The warmer canopy temperatures would be sufficient to increase the rate of plant development between the two temperatures regimes. Since the soil water was maintained at near field capacity and the vapor pressure deficit was maintained at the same value between chambers, one would expect a similar difference between canopy and air temperature (T c -T a ) between chambers.
Leaf Area Differences among Hybrids
One of the assumptions of an increased rate of phenological development is decreased plant size. However, leaf area between the two temperature regimes showed no significant difference for all three hybrids (Fig. 1-3) . Trajectories of leaf area accumulation showed the same trend between the two experiments, and the total leaf area at the onset of the reproductive stage was within the standard deviation of the mean and no significant differences were detected. Growth of the maize hybrids during the vegetative development was not affected in terms of size but in rate of development. Similar to the rate of leaf collar and leaf tip appearance relative to GDDs, leaf area increase per GDD was not significantly difference between temperature regimes.
Total Vegetative Biomass and Grain Yield
Total vegetative biomass was not different between temperature regimes for a given hybrid (Table 2 ). There was a large amount of difference among plants within a hybrid, leading to a large standard deviation for a hybrid and larger than observed in field-grown plants where the standard deviation is typically 10% of the mean rather than the 30% observed in this study. Since leaf area was not different, one would not expect total vegetative biomass to differ. There was a slight but insignificant difference between the two experiments for the temperature regimes in this experiment ( Table 2) .
The largest differences between the temperature regimes were observed in the grain yield with the N+4 regime ( Table 2) . Yields were lower in the second experiment because the experiment was terminated at the beginning of the dent stage in the grain-filling process because of a light failure in one chamber; however, the magnitude of the differences between the temperature regimes was in the same order of magnitude as the first experiment. Vegetative dry weight was not different compared with the first experiment, providing confidence that the results are indicative of the impact of the increased temperatures. Differences in yield are directly related to the number of kernels per ear (Table 2 ) with the N+4 regime showing a large decrease in number of kernels on each ear. This can be attributed to the disruption of the pollination process and exposure to extremely high temperatures during this phenological stage. The magnitude of the yield decrease ranged from 84 to 100%, larger than those estimated in previous studies (Lobell and Field, 2007; Schlenker and Roberts, 2009 ). There were significant differences among hybrids in grain yield; however, the magnitude of the yield response to the N+4 temperature regime was the same among hybrids, showing no effect of different eras in their responses to high temperatures. Since water was not limited, the yield response was due solely to the temperature effect at the reproductive stage. Although these hybrids were from different eras, there was no difference in the time of pollination in the warmer temperatures, with all hybrids shedding pollen during a period in which the maximum temperatures ranged from 38 to 39.5°C and minimum temperatures from 25 to 26°C. In the normal temperature chamber, the XL45A hybrid had a delayed pollination in the normal temperature chamber; however, maximum temperatures were between 28 and 30°C, with minimums between 21 and 23°C, similar to the environment for the other hybrids.
Exposure to Temperature during the Growth Cycle
During the course of the growing season, hybrids will be exposed to different temperatures. A summary of the exposure of maize hybrids to different temperature revealed large differences between the two temperature regimes. Using the temperature range from 10 to 30°C as the optimal range, there was 32% fewer hours in Exp. 1 in which the maize hybrids were exposed to temperatures within the optimum temperature range and 17% fewer in Exp. 2 for the vegetative stage under the N+4 regime (Table 3 ). In the reproductive period, hybrids were exposed to temperatures above 30°C for the normal chamber for 0 h in Exp. 1 and 12 h in Exp. 2, while the N+4 chamber were 233 h for Exp. 1 and 156 h for Exp. 2. During the period 1 wk before pollination to 1 wk postpollination, the number of hours with T > 30°C showed 0 h in the normal chamber and 65 h in Exp. 1 and 62 h in Exp. 2 (Table 3 ). The number of hours was less in Exp. 2 because of the early termination of the experiment. If 30°C represents the optimum temperature, then during the grain-filling period for the N+4 environment, nearly 25% of the total hours for this phenological period was above this threshold.
Implications
Exposure of plants to continual high temperatures during the growth cycle increases the rate of phenological development but does not lead to a smaller plant because of the seasonal patterns of temperature change. During the grain-filling period, however, exposure to higher night temperatures shortened the grain-filling period by increasing the rate of senescence. Exposure to maize hybrids to temperatures above 30°C during the pollination stage reduces the kernel number. This study did not impose extreme temperature events. Results suggest that crops grown under a temperature regime with increased average temperatures would have negative effects on plant productivity due to the effect on the grain-filling period. Hatfield and Prueger (2015) in a companion study on a single hybrid found that exposure to high temperatures at pollination reduced grain yield in the same amount as found in this study. Continual increases in air temperature expected to occur under climate change will have significant impacts on maize production.
